The box method of freezing the brain in situ was assessed in baboons. The cooling rate of the tissue was monitored in several regions located at various depths from the skull surface. These measurements al lowed us to examine the time required for the tissue to reach QOC, in relation to its depth measured from the top of the skull. To define brain regions with proven isch aemia, frozen tissue sections were surveyed for areas of decreased pH. In addition, concentrations of ATP. phos phocreatine, and lactate were determined in gray matter located at various depths from the top of the brain sur face. Normal tissue pH and low lactate concentration, without any significant decrease in high-energy phos phate levels, were found in regions at a depth < � 10 mm
Over the last decade, powerful topographical techniques have been developed to study experi mental or pathological biochemical disturbances of brain energy metabolism produced in animal models. Using fluorescence photography, autoradi ography, or bioluminesence, it is now possible to survey the local tissue pH of brain tissue sections (Csiba et al., 1983; Kobatake et al., 1984) as well as the tissue content of several major metabolites in cluding NADH (Welsh and Rieder, 1978) , ATP, glu cose, and lactic acid (Kogure and Alonso, 1978;  from the brain surface. Deep structures including the in feriomedial aspect of the temporal lobe, the lateral ge niculate body, and the limbic system (hippocampus) con sistently showed mild tissue acidosis, indicating that these regions were subjected to some degree of ischaemia before they were reached by the freezing front. In some cases, acidosis was also detectable in the thalamus, basal ganglia, and in the deeper part of some sulci. We con clude that, with baboons, in situ freezing using the box method is valid for metabolic studies of the cerebral cortex and structures located at a depth < � 10 mm from the top of the brain surface. Key Words: In situ freezing -Box method-Cerebral ischaemia-Energy metabo lism-Lactate-Brain tissue pH-Brain imaging. Paschen et al., 1981 Paschen et al., , 1985 Paschen, 1985) . All these techniques dealing with parameters that change very rapidly after death (Lowry et al., 1964; Mrsulja et al. , 1986) require the brain metabolism to be inactivated by freezing the brain in situ, the only method available at present that avoids postmortem artefacts yet also preserves the neuroanatomy (Lust et al. , 1980) . The method of freezing the brain in situ is based on the assumption that, as long as breathing and vascular perfusion are maintained before the arrival of the freezing front, metabolic intermediates are not changed, even in relatively deep brain regions (Ratcheson, 1980) . Freezing the brain in situ is classically performed with a funnel fitted on top of the animal's skull into which liquid nitrogen is poured (Ponten et al., 1973; Welsh and Rieder, 1978; Welsh, 1980) . This technique has been vali dated in rats (Ponten et al., 1973; Ratcheson, 1980) and extended to cats (Welsh and Rieder, 1978; Welsh, 1980) . Using the funnel method in cats, levels of ATP, phosphocreatine (PCr), lactate, and NADH were found to be well preserved in all brain regions, except the depths of some cortical sulci (Welsh and Rieder, 1978; Welsh, 1980) . No freezing artefacts were reported by Paschen et al. (1983) and Csiba et al. (1983) when using this technique. How ever, in another series of experiments performed by the same group of investigators, topographical studies revealed a diffuse decrease of pH and ATP content in basal areas of the brain, much less pro nounced than those induced by ischaemia, which were attributed to the fact that in large animals the freezing front advances so slowly that blood supply may begin to deteriorate before the basal regions are frozen (Hossmann et aI. , 1985) .
This classical technique was modified by Yang et al. (1983) ; instead of a funnel fitted on the top of the skull, they used a special styrofoam box permitting the whole upper part of the animal's head to be im mersed in liquid nitrogen. This method revealed levels of metabolites similar to those obtained with the funnel technique, but proved to greatly improve the freezing rate with cats, which should provide better temporal resolution in studying dynamic metabolic changes such as those frequently ob served in pathological conditions.
The topographic techniques referred to above can be applied to a single experimental animal by the use of sequential brain sections. They can also be combined with other autoradiographic or histo chemical methods, which do not require freezing of the brain in situ by themselves, but which are com patible with this procedure. One such technique of particular relevance is the autoradiographic deter mination of local cerebral blood flow (LCBF) with radiolabelled "chemical microspheres," lipophilic compounds that exhibit a high first-pass extraction coefficient and slow washout from brain to blood (Rapin et aI. , 1984; Obrenovitch et aI., 1987) . Such a multiparametric imaging approach appeared to be particularly relevant to the study of experimental models of focal or incomplete ischaemia, in which nonhomogeneous and variable patterns of cerebral ischaemia are produced (Hossmann et aI. , 1985; Kim et aI., 1985) .
This study was undertaken to assess the feasi bility of freezing primate brain in situ, using the box method of Yang et al. (1983) . This would allow the electrode recordings routinely performed in our de partment (blood flow, evoked potential, and extra cellular ionic concentrations) in baboons subjected to focal cerebral ischaemia (Symon et aI. , 1974; Branston et aI., 1977; Harris et aI., 1987) to be supplemented by topographical studies. The study consisted of (a) kinetic measurements of the cooling of the tissue using miniature thermocouples implanted at various depths in the brain; (b) topo graphical analysis of local tissue pH; and (c) assays of lactate and high energy phosphates (ATP and Pcr) in small tissue samples collected during the sectioning of frozen brain for topographical tissue pH study.
MATERIALS AND METHODS
This study was performed as part of two series of ex periments with the primary aim of relating local cerebro cortical blood flow to the corresponding local tissue con centration of ATP, PCr, and lactate in anaesthetized ba boons subjected to focal cerebral ischaemia produced by middle cerebral artery (MCA) occlusion (Obrenovitch et aI., unpublished observations) . For this reason, all the animals were first prepared for MCA occlusion, had elec trodes implanted for measurement of LCBF by the hy drogen clearance technique, and were subjected to focal cerebral ischaemia produced in the right hemisphere, be fore in situ brain freezing. Assessment of the freezing technique was performed using the left (control) hemi sphere.
Surgical preparation and maintenance of the animal model
Eight male baboons of mean weight 6.75 ± 0.39 kg (SEM; range 5.5-8.5 kg) were premedicated with atro pine (atropine sulphate 20 f.Lg/kg i.m., Antigen Ltd.) be fore inducing anaesthesia with ketamine (Ketalar 10 mg/kg i.m., Parke-Davis) and thiopentone (thiopentone sodium <20 mg/kg i.v., May & Baker). They were intu bated and connected to a starling pump delivering pure oxygen at appropriate rate and stroke volume to keep Pco2 within the range 35-45 mm Hg. Anaesthesia was maintained throughout the experiment with a-chloralose 60 mg/kg (BDH Chemicals, Ltd.) and the animals para lysed with 1 mg/kg i. v. gallamine (May & Baker) repeated as necessary. The right MCA was exposed via a transor bital dissection, ready for subsequent occlusion with a Scoville clip (Symon et aI., 1974) . Four narrow rectan gular coronal craniectomies were opened, three (13 mm apart) over the regions of the cortex where MCA occlu sion had been shown to produce ischaemia, and one in the opposite hemisphere (control). Electrodes were im planted craniectomy by craniectomy using a temporary electrode holder to maintain their position in the exposed gray matter before sealing them in place with methyl methacrylate bone cement (Microlok, Howmedica UK Ltd., London). The exposed cortex of all animals was frequently irrigated with warm saline during the prepara tion.
Systemic Paco2, Pao2, and pH were frequently moni tored, and both pulsatile and MABP were continuously recorded from a femoroaortic catheter and strain gauge (Statham, model P23GB). Body temperature was kept constant at 37°C using a feedback-controlled heating blanket.
Preparation of the animal's head for fr eezing of the brain in situ
The skull was exposed by resecting the scalp and un derlying muscles before fitting an expanded polystyrene box around the animal's head. The cover of a polystyrene box (Igloo Magna No. H93/20/0162, Jencons Scientific Ltd., Leighton Buzzard, England) was cut into two pieces that were carved to fit the animal's head in a plane passing through the mouth and the 1st/2nd cervical verte brae. The two parts of the box cover were reassembled on a light aluminum frame and sealed around the animal's head with silicone polymer (Rhodorsil RTV 501, Rhone Poulenc, Saint-Fons, France) and high vacuum silicone grease (No. 33135, BDH Chemicals Ltd., Poole, En gland). The bottom of the box was cut away and the body was mounted on top of the cover with a seal of silicone grease to form a box around the head, immediately after MCA occlusion. This technique, previously described by Yang et al. (1983) , permits the whole upper part of the animal's head to be immersed in liquid nitrogen.
Implantation of the thermocouples and temperature recordings
Cooling of the brain tissue was monitored at various depths during the freezing period with needle type (0.34 mm diameter) stainless steel insulated chromel-alumel thermocouples (Thermocoax, Suresnes, France), which respond instantly to temperature changes. Two tempera ture recordings were performed in each experiment through 1-mm-diameter holes drilled in the left (control) side of the skull, 8 and 15 mm laterally, in a coronal plane 22-mm posterior to the bregma. These holes were care fully drilled during the surgical preparation but the ther mocouples were inserted perpendicularly into the brain only minutes before freezing; the depth of implantation (from 5-30 mm) was predetermined by adjustable stoppers. The thermocouples were calibrated before im plantation by submersion in ice water. Their potential was amplified, recorded on a chart recorder, and later converted to temperature.
Experimental procedure
After completion of the surgical preparation, a 35-min stabilization period allowed the systemic parameters to normalise. During this period, the animal's head and its polystyrene panel (bottom of the box) was positioned to allow the MCA to be occluded with a Scoville clip under observation through an operating microscope. A 45-min control period followed, during which control LCBF measurements were performed. Animals were then sub jected to a 35-min ischaemic period; four animals had their MABP lowered to -58 mm Hg to increase the se verity of ischaemia. The experimental procedure was ter minated by freezing the brain in situ, during which me chanical ventilation and blood pressure monitoring were continued to ensure that perfusion was maintained. Fol lowing at least 15-min of liquid nitrogen head immersion, the animal was decapitated and the head was immersed in liquid nitrogen. The brain was later removed from the sk l! ll in an open-top cryostat at -25°C (Type OTF, Bnght Instruments Ltd., Huntington, England), using a chisel and a pneumatic oscillating saw (Type D170-L, Dessoutter Ltd., London). The thermocouples were ex-J Cereb Blood Flow Metab, Vol. 8, No.5, 1988 tracted from the frozen brain using a specially designed extractor! .
Topographical study of local brain tissue pH
The frozen brain was split along the midline and is chaemic and control hemispheres mounted with embed ding medium on separate object holders. Twenty-micron coronal sections were cut with a cryomicrotome (Type OTF/AS, Bright Instruments Ltd.) at -6-mm intervals through the control hemisphere. They were immediately processed for semiquantitative surveying of local tissue pH using the umbelliferone technique (Welsh et aI., 1982; Csiba et aI., 1983) . In this method brain sections are brought into contact with umbelliferone-impregnated cel lulose acetate membranes, and the 450-nm fluorescence that follows excitation at 370 nm and 340 nm is recorded photographically. U mbelliferone fluorescence increases with increasing pH under 370 nm ultraviolet illumination, whereas it remains fairly constant under 340 nm excita tion; on the basis of these properties, Csiba and col leagues proposed the use of the difference in the local optical densities of the 370 and 340 nm pictures to mea sure pH. In the course of preliminary experiments we observed that this correction with the 340 nm picture was not necessary, provided that the illumination of the brain tissue sections and the impregnation of cellulose acetate membrane was uniform. Therefore, the 340-nm exposure was omitted and the density of the 370-nm fluorescence picture alone was related to pH through calibration with umbelliferone solutions as proposed by Csiba et al. (1983) .
Analysis of A TP, PCr, and lactate
Measurements of ATP, PCr, and lactate were per formed on each small frozen sample of parasagittal brain tissue collected at various depths from the top of the brain surface during tissue sectioning. Tissue samples mainly included grey matter and their weight was within the range 7.2-19 mg. Neutralized perchloric acid tissue extracts were analysed using spectrofluorometric enzy matic techniques (Lowry and Passonneau, 1973) . The protein content of each tissue sample was also deter mined, using the method of Lowry et al. (1951) as modi fied by Miller (1959) , to allow metabolite concentrations to be expressed in IJ.mol/lOO mg protein.
RESULTS
Arterial blood pH and gases, as well as plasma electrolytes, remained within the normal range throughout the experiments (data not shown).
Results relating to tissue temperature decrease during in situ freezing are shown in Figs. I and 2. Te mperature monitoring revealed that the first 5 mm of tissue from the top of the skull were rapidly frozen, within � 1 min (Fig. 1) . They also showed that, in deeper regions, the temperature remained close to 37°C for a surprisingly long period, before falling rapidly as these regions were reached by the freezing front. Typical representations of tissue pH obtained from control cerebral hemispheres frozen in situ are displayed in Fig. 3 . Brain regions located within the first 10-12 mm from the brain surface consis tantly showed a normal tissue pH ( � 7.25) , whereas deep structures including the inferiomedial aspect of the temporal lobe, the lateral geniculate body, and the limbic system (hippocampus) were often found to be acidotic. The depths of some sulci were occasionally found to be selectively more acidic in comparison to regions located at a similar depth from the brain surface (Fig. 3, arrows) . Acidosis was also detectable in the thalamus and basal ganglia in some cases. Local tissue pH of gray matter regions were estimated from densitometric measurements of the film negatives. Correlating local tissue pH with the depth where the measure ment took place confirmed that local tissue pH was devoid of artifact up to a depth of � 10-12 mm from the brain surface (Fig. 4) . No significant differences in lactate concentra tion and high-energy phosphate levels were found with tissue samples taken as deep as 15 mm from the top of the brain surface (Fig. 5) . However, it should be noted that parasagittal samples were taken, where selective local acidosis such as that shown in Fig. 3 (arrows) was not observed.
The topographic representations of tissue pH displayed in Fig. 6 illustrate the potential of brain imaging for studying focal cerebral ischaemia. Figure 6A was obtained from a hemisphere ex posed to 35 min of focal ischaemia (MCA occlu sion). The tissue pH pattern in Fig. 6B, i. e. , mild and selective acidification in a narrow band of cortex, resulted from incomplete global ischaemia produced by lowering MABP to � 58 mm Hg for 35 min. The pattern displayed in Fig. 6A confirmed marked nonhomogeneities in the severity of isch aemia with the MCA occlusion model. It revealed that the structures most often made ischaemic after MCA occlusion are: the superior temporal gyrus, the white matter within the MCA territory, and the basal ganglia. The anteromedial caudate nucleus and midline structures were, however, often spared owing to their blood supply from the perforating branches of the anterior cerebral artery, notably the recurrent artery of Heubner, which were not oc cluded by clipping of the MCA (Gillilan, 1968) . A sharp contrast generally existed between the dark areas corresponding to ischaemic gray and white matter, and the gray level in basal regions with in situ freezing-induced ischaemic artefacts. This in dicated that acidosis in the deep parts of the brain during freezing was less pronounced than that pro duced by ischaemia resulting from 35 min MCA oc clusion. These pictures also revealed that qualita tive analysis of such a topographic study may be of value even in regions located below the artefact free depth of 10 mm from the brain surface, al though quantitative comparison with more superfi cial tissues is impossible.
DISCUSSION
This study was undertaken to examine the possi bility of supplementing with topographical studies the electrode work routinely performed in our de partment with baboons subjected to focal cerebral ischaemia. Because most topographical techniques require metabolism to be arrested by freezing the brain in situ, the latter technique was assessed in baboons by (a) temperature recordings at various FIG. 3 . Representative tissue pH patterns obtained with coronal sections of control cerebral hemispheres. In these pictures, light areas of the cortex indicate normal pH whereas darker regions indicate tissue acidification. Note that the white matter always appears darker than the gray matter. We do not believe that this indicates a difference in pH; instead preliminary experi ments suggest that this could originate from differences in the amount of umbelliferone dissolved in white and gray matter. Therefore, differences in gray densities between gray and white matter should not be interpreted as differences in pH. Variations of the film density within gray matter or white matter do, however, indicate pH changes. Often, the depth of certain sulci were found selectively acidic (arrows). In both pictures, the white line corresponds to 20 mm and indicates the midline of the brain.
depths of the brain during freezing; (b) topograph ical analysis of local tissue pH because tissue aci dosis has been shown to change rapidly during the ischaemia; (c) assays of lactate and high-energy phosphate (ATP and PCr) whose levels are also rap idly altered by inadequate blood supply (Lowry et aI., 1964; Mrsulja et aI. , 1986) .
Te mperature monitoring revealed that the first 5 mm of tissue from the top of the skull were rapidly frozen ( Figs. t and 2) . In deeper regions, the tem perature remained close to 37°C for a surprisingly long period, before falling rapidly as these regions were reached by the freezing front. The latter fea ture was previously observed with temperature re cordings made in the forebrain of intact gerbils during freezing (Lust et at., 1980) . It suggests that there is a risk of these structures being exposed to ischaemia if their blood supply is altered before they are reached by the freezing front. The topo graphical pH study confirmed that this consistently happens in structures farthest from the upper skull (inferiomedial aspect of the temporal lobe, lateral geniculate body, and limbic system), and also occa sionally, and to a lesser degree, in the thalamus and basal ganglia (Fig. 3) .
Measurement of tissue pH (Fig. 4) , lactate, and high-energy phosphates (Fig. 5 ) indicated that brain tissue was artefact-free in regions at a depth <-10. mm from the brain surface. In this series of experi ments, however, the concentration of high-energy phosphates, measured in tissue samples taken from the cortical gray matter located immediately below the skull, was lower than could be expected from previous data obtained with different primate species anesthetized with barbiturates. ATP level was 1.3 ± 0. 2 fLmol/100 mg protein (n = 11), i. e., 65% of the concentration reported by Michenfelder and Sundt (1971) and Kleihues et al. (1975) ; PCr level was 1. 8 ± 0.36 fLmol/100 mg protein (n = 11), i.e. , 50% of that previously measured by Kleihues et ai. (1975) . Possible explanations for this discrepancy are the fact that our animals were anesthetized with a-chloralose instead of barbitu rate, and the possibility of a slight contamination of our brain samples with white matter.
Ischaemic freezing artefacts, however, are not only a matter of depth, but also of direction of freezing relative to the direction of blood supply; they will occur whenever blood flow is reduced be fore the time of tissue freezing. The selective aci- dosis found in the gray matter in the depths of cer tain sulci illustrates this problem well (Fig. 3) . The susceptibility to freezing artefact of these regions probably arises from very rapid freezing of the pial arteries supplying them. A similar observation was made with cats when using the funnel technique;
SA ischemic alteration of metabolite levels occurred deep within some of the cortical sulci, particularly those nearest the midline (Welsh and Rieder, 1978) . One important point arises from these results with regard to transorbital MeA occlusion models in cats and baboons. These preparations require the FIG. 6 . Tissue pH patterns observed in coronal sections of cerebral hemispheres subjected to severe focal ischaemia and incomplete global ischaemia. A: Thirty-five-minute MCA occlusion included focal ischaemia. The white line corresponds to 20 mm and indicates the midline of the brain. B: Thirty-five-minute incomplete global ischaemia induced by lowering MABP to -58 mm Hg produced a selective acidosis of the outer layer of the cortical gray matter. In these pictures, light areas of the cortex indicate a normal pH whereas darker regions indicate tissue acidification. Note that the white matter always appears darker than the gray matter, which should not be interpreted as a difference in pH (see Fig. 3 legend) .
complete removal of one eye, thus exposing the base of the brain and in particular the circle of Willis to a rapid freezing as the liquid nitrogen runs into the empty orbit using the box method. With these preparations, we would therefore advise packing the orbit with cotton swabs soaked in phys iological saline before starting the freezing proce dure. Another parameter that influences the freezing rate is blood flow; the freezing front is likely to be delayed in hyperaemic regions. How ever, as long as the perfusion of such regions is maintained, they should be devoid of artefacts. A final point requiring discussion is that of a transient rise of arterial blood pressure, sometime associated with bradycardia, which was observed at a variable interval from the start of the freezing procedure. In some cases, such a transient change was observed within the first 3 min of freezing. In others, no significant changes were observed, or only late in the procedure. Such changes are likely to alter the pattern of CNS perfusion, especially in focal ischaemia where any modification of the per fusion pressure is likely to be reflected in the collat eral circulation.
The topographical study of tissue pH in the oc cluded hemisphere revealed some interesting fea tures, one of which is the sensitivity of the white matter in the MCA territory to ischaemia. Welsh (1980) also found that the region most affected by moderate reductions of perfusion pressure was white matter. The vulnerability of white matter may result from its blood supply, which is partly depen dent upon penetrating arteries that traverse the cortex. In conditions of reduced blood supply, these cortical vessels may deliver all their available oxygen to the gray matter as they penetrate it en route to the underlying white matter. Also, when perfusion pressure drops, the shorter arteries sup plying the cortex are likely to be preferentially per fused.
In conclusion, our results suggest that in situ freezing of baboon brains using the box method allows regional quantitative analysis in the regions located <�10 mm from the brain surface. Regional variation in freezing time, however, may compli cate the interpretation of studies requiring exact temporal sampling. Although delayed freezing causes regional artefacts in the regions located deeply within the brain, topographical pH studies showed that this technique may remain of value for qualitative analysis of some parameters.
